A DSC scan of a Cu-33.5Zn-4Sn (mass%) alloy shows two exothermic peaks at around 250 and 300 C. The first peak is associated with the precipitation of 1 -plates with M9R structure, and the second peak is associated with the formation of precipitates. For the first peak, the 1 -plates start to nucleate at grain boundaries and grow dendritically upon heating. The primary and secondary arms of the dendritic 1 -plates grow in two preferred directions, namely, [110] B2 and [100] B2 of the 0 matrix. However, the stacking faults in the two arms are parallel and differ from those with the structure of the twin-accommodating variants. As the thickness and number of 1 -plates increase, the hardness of the alloy increases significantly; however, the recovery strain reduces dramatically. Additionally, the precipitates nucleate heterogeneously at the interface between the 1 -plate and the 0 matrix on heating above 300 C. The volume fraction of the precipitates increases with temperature, resulting in a reduction in the ductility of the alloy and a complete loss of its shape memory effect.
Introduction
Shape memory alloys (SMAs) have been studied extensively since they possess unique characteristics such as the shape memory effect (SME) and superelasticity (SE), which are useful for industrial applications. Among the various SMA systems, Cu-based alloys are less expensive and have better deformability than Ti-Ni based SMAs; they appear to be more competitive in commercial applications. The development of Cu-Zn-based alloys is underway. Recent studies show that Cu-Zn-Sn alloys exhibit favorable lowtemperature superelastic behavior; 1, 2) the addition of the Sn element to a Cu-Zn alloy can reduce the transformation temperatures and increase the corrosion resistance of the alloy. 3, 4) The SME is accompanied with a reversible transformation between the phase and martensite. Therefore, the structure and thermal stability of the phase have been noted. 5, 6) Although Cu-Zn-based alloys exhibit the aforementioned characteristics, the problems of aging resistance require further studies. Previous studies [7] [8] [9] [10] [11] also focused on the effects of precipitation behavior on the Cu-Zn-based SMAs. Based on the differences in the Zn content, a semimartensite structured 1 -plate separates during aging treatments between 150 and 350 C. This precipitate with a 9R structure 12) is similar to the martensite and has a large number of internal stacking faults. Zhang et al. 13) indicated that when stress is applied to martensite, it can exhibit four primary transformation characteristics for self-accommodation: (a) coalescence and arrangement of pre-existing martensitic plate variants, (b) adjustment and development of internal twinning in individual plates, (c) structural (martensite-tomartensite) transformations involving changes in the stacking sequence of close-packed planes, and (d) ordinary slip. The martensite variants model may describe the growth and multiplication of the 1 -plates in an increasing aging time. An 1 -plate also demonstrates rapid atom diffusion, significantly increasing its own volume. High temperature diffusion not only annihilates stacking faults but also alters the shape of the 1 -plate into a rod. Present studies have verified that the 1 -plate can degrade the recovery strain of SMAs. 13) However, the precipitate growth structure and structural changes caused by increasing the temperature suggest the need for further research. This work attempts to replicate Cu-Zn-Sn alloys in a continuously increasing temperature environment by adopting aging treatments. Electron microscopy is employed to observe the microstructure and compare the effects of the precipitates on the characteristics of the alloy. Experimental results not only help understand the influence of precipitates at various temperatures but also serve as a reference for the behavior of the Cu-Zn-Sn alloys in a high-temperature environment.
Experimental
The nominal composition of the material used was Cu-33.5Zn-4Sn (mass%). The weighted alloy using electrolytic copper (99.99%), high purity zinc (99.97%) and tin (99.97%) was melted down in an evacuated quartz capsule, under argon protection in a vacuum of 6:7 Â 10 À3 Pa. The ingot was homogenized at 800 C for 24 hours and hot-rolled into a sheet with a thickness of 1 mm. Specimens (10 Â 10 Â 1 mm 3 ) were held at 800 C for 3 min in a vertical tube furnace and then free-fall-quenched into ice water. Their compositions were analyzed by electron probe micro analyzer (EPMA) and using an oxygen/nitrogen analyzer. The temperatures of martensitic transformation of the alloy were measured by differential scanning calorimetry (DSC) and by electrical resistivity (ER) against temperature measurement, 14) as shown in Table 1 . The solution-treated specimens were aged at 180, 225, 250, 275, 300 and 380 C, respectively, for 5 min in a salt bath * 1 Graduate Student, National Taiwan University * 2 Corresponding author, E-mail: r89542023@ntu.edu.tw furnace and then quenched into ice water. After heat treatment, the specimens were mechanically polished, and then electropolished and etched for microstructure observation in a field emission scanning electron microscope (LEO 1530 FEG-SEM). The phase analysis was conducted using an X-ray diffractometer (Philips PW 1710) with Cu-K radiation from 20 to 90 . Thin-foil samples for TEM observation were prepared by double jet-polishing with a conventional electrolyte of HNO 3 : CH 3 OH ¼ 3 : 7 at around À40 C. Microstructural observations were conducted using a transmission electron microscope (JEOL JEM 2000 EX II) equipped with a double-tilt specimen stage operated at 200 kV. The recovery strain of SME was measured by bending test. Figure 1 shows the DSC curve at a heating rate of 10 C/ min from 60 to 530 C for the solution-treated specimen. Two exothermic peaks appeared at around 250 and 300 C, which indicates that the metastable 0 phase undergoes isothermal decomposition 15, 16) at these temperatures. As the sample approached this temperature, the precipitation of the 1 -plate should have caused a thermal reaction. 7, 8) In order to elucidate the causes of these two independent peaks and the corresponding changes in the microstructure, aging treatment was performed at these temperatures to simulate the condition of the specimen during heating up to a particular temperature. Based on the changes in the DSC curve, the specimens were aged at 185, 225, 250, 275, 300, and 380 C for 5 min before further investigation.
Results and Discussion

DSC analyses
X-ray diffraction
The crystal structures of various aged specimens were analyzed by X-ray diffraction. possesses ordered bcc structure with lattice parameter of a ¼ 0:860 nm by X-ray analysis. When the aging temperature increased to 380 C, the -rod with fcc structure (a ¼ 0:315 nm) formed as shown in Fig. 2 
(g). Cliff et al.
18) studied the solute redistribution of bainitic plates using an improved microanalytical instrument, and reported that even in the early stages of 1 -plate formation, the composition of the 1 -plate differs from that of the matrix but are closer to the equilibrium composition of the phase. Wu et al. 19) noted that when the 9R structured 1 -plate is subject to a long-term isothermal aging treatment, it will slowly transform into an fcc structured -rod. Moreover, in this transformation process, the ABCBCACAB modulation slowly changes into an ABC type of fcc stacking sequence and the random faults are gradually eliminated; also the ð11 4 4Þ 9R and (115) 9R diffraction planes change to (111) fcc and (002) fcc . As shown in Fig. 2(g ) that the fcc structured -rod formed during aging at 380 C for 5 min. This result indicates that when an 1 -plate is held at a constant temperature for a long time or at a very high temperature for a shorter period, it will transform into a more stable -rod phase.
Comparing the X-ray diffraction and DSC results, Fig. 1 verifies that the two exothermic reactions at 250 and 300 C are corresponding to the precipitations of 1 -plate and phase, respectively. Therefore, when a Cu-33.5Zn-4Sn alloy is continuously heated, an M9R-structured 1 -plate will precipitate at 250 C, and then form a phase at 300 C.
SEM observations
The solution-treated and aged specimens were electronpolished, and then etched using a NH 3 :
The selected etchant tends to etch the Cu-rich phase, and the morphology of 1 -plate would appear clearly in the micrographs. Figure 3 shows the SEM micrographs of specimens that were solutiontreated and age-treated at 225, 250, 275, 300 and 380 C for 5 min. The flat and smooth appearances shown in Figs. 3(a) and (b) indicate that the parent 0 phase exhibits good thermal stability after it had been held at 225 C for 5 min. Figure 3(c) shows that the 1 -plate initially heterogeneous nucleates at the grain boundary, and then grows into the matrix with increasing temperature. The 1 -plate grows as a dendritic structure, and the primary, secondary and third dendrite arms are observed in the micrograph.
The 9R martensite commonly forms in self-accommodating variant groups to minimize the macroscopic shape change. The four variants in a group are related to either (011) B2 (A-C type) or (100) B2 (A-D type). 20) Intervariant relationships that are similar to the A-C relationship were observed in the 1 -plate, an example of which is presented in Fig. 3(d) . These plates are similar to the A-C self-accommodating pairs in martensite. However, the intersection between plates A and C does not indicate the presence of a variant interface. These plates are more likely to nucleate independently and intersect during lengthening. The SEM observation reveals that, at the grain boundary, the 1 -plate initially produces heterogeneous nucleation and then the dendritic structure grows. The number of 1 -plates increases with temperature, and they affect each other. In the specimen held at 300 C for 5 min, a few phase precipitates formed around the 1 -plate. The volume fraction of phase increased as the aging temperature increased to 380 C, as shown in Figs. 3(e) and (f). Typically, the phase was observed in a solution-treated specimen, and the effect of its presence on the characteristics of the alloys depends mainly on the dimensions of the phase. 21) As discussed in the literature, a small precipitate and the parent 0 phase are completely coherent or at least semi-coherent, because of the relationship between the cubic-cubic orientations of the 0 and the phases and the small mismatch between the two cubic lattice parameters (" ¼ 7:5 Â 10 À3 ). 22) Nevertheless, when the precipitates exceed 300 nm, they lose their lattice matching with parent 0 phases, forming a huge number of dislocations in their surroundings and thereby weaken the alloy. Figure 4 shows TEM micrographs of the 1 -plate that grows dendritically during the aging treatment at 250 C for 5 min. The selected area diffraction pattern (SADP) demonstrates that the primary and secondary arms of the 1 -plate orientate in the optimal growth directions of the bcc matrix, [110] B2 and [100] B2 . When the 1 -plate grew dendritically by shear, similar to that for the martensitic transformation, the individual arms move in different directions within the matrix. The theoretical habit planes are divided into 24 martensite variants. Furthermore, the crystallographic relations are derived by representing the lattice directions and plane normals in the 9R martensite with respect to the bcc parent phase basis. The calculated habit plane poles and shape strain directions of the 24 martensite variants are classified into six plate groups (011, 0 1 11, 101, 1 101, 110, and 1 110) of (001) B2 parent phase stereographic projections. Furthermore, Adachi et al. 23) have indicated that the orientation of the {110} B2 and {100} B2 planes are more or less similar for any two given variants. The distribution of these planes indicates a pseudo-twin relationship between some of the combinations and may be mutually convertible. Therefore, the primary and secondary arms of the 1 -plate grow along the [110] B2 and [100] B2 preferred directions in the parent 0 matrix. In Cu-Zn-based SMAs with 18R martensites, Adachi et al. 23) suggested that 16 unique martensite combinations were deduced out of the 276 possible combinations which may form between the 24 martensite variants. Based on the twin relations, the 24 martensite variants are classified into 6 variant groups, which can be derived from each parent phase crystal. Each variant group contains four differently oriented variants, designated A, B, C and D. Combining these four variants arbitrarily, six variant pairs, i.e. A/B, A/C, A/D, B/ D, B/C, and C/D can be produced. However, C/D pair is equivalent to A/B pair, and the B/D and B/C pairs equal to A/C and A/D, respectively. 24, 25) These six variant pairs can be simplified to be three pairs, namely A/B, A/C, and A/D pairs. Both A/B and A/C pairs belong to self-accommodation martensite combinations, which are highly mobile under stress. Contrarily, as pointed out by Adachi et al., 26) A/D pair is the non-self-accommodation martensite combination.
TEM observations 3.4.1 Early stage of 1 -plate growth
Because A/D pair cannot combine together as well as A/B and A/C pairs do, the formation of A/D pair is supposed to adjust the local stress field or to accommodate changes in growth direction. Furthermore, A/B pair has type II twin relation; while both A/C and A/D pairs have type I twin relations. [24] [25] [26] In the earliest stage of the growth of the 1 -plate, it is usually transformed in a manner similar to that of the martensitic plate variants 19, 20, 24) when the growth of 1 -plates is disturbed, the strain can be accommodated not only by the martensite variants of the (non-)self-accommodating pairs but also by changing the growth direction of the 1 -plates.
Middle stage of 1 -plate growth
The 1 -plates grow by grain boundary nucleation and dendritic growth. The number of plates increases quickly with the temperature and/or holding time. Figure 5 shows the microstructure of the specimen held at 275 C for 5 min. The volume fraction of the 1 -plates increases; due to this, the intersection of the 1 -plates occurs during growth causing a huge residual strain. The interface of the 1 -plates changes from straight to curved. The arrowhead indicates the location of a large residual strain and several dislocations at the interface. The occurrence of intersections indicates that the precipitation of the 1 -plates has already reached saturation. Although the growth rate of the 1 -plates levels off, their volume fraction increases steadily. During this stage, the precipitation of a Cu-rich 1 -plate would reduce the Cu content in the surrounding matrix. Zn-rich precipitates nucleate heterogeneously at the interface of the 1 -plate and parent 0 phase, as shown in Fig. 6 . The sizes of the precipitates are smaller than 300 nm; due to this, they retain good lattice matching with the parent 0 phase. Additionally, a coherent and/or semi-coherent interface 21) exist(s) between the two phases during this stage.
Final stage of 1 -plate growth
The formation of 1 -plates exhibits two special features.
27)
The first is distinct crystallographic changes. The relationship between the irrational habit plane and the orientation of the parent phase is similar to that of the martensitic transformation. The second is special characteristics of diffusion, such as deferred isothermal growth and content change. These characteristics are similar to the features of the bainitic transformation of iron; hence, the 1 -plate is also named bainite. During the earliest stage of formation, a large number of stacking faults are present inside the 1 -plate, 28) which are similar to the 9R martensite structure. Basically, the nucleation mechanism of the 1 -plate is similar to that in martensitic transformation by a shear mechanism; therefore, a nondiffusion model is applied. However, after the formation of the 1 -plate, its thickness of the 1 -plate increases slowly with the aging time at a fixed temperature. The interface between this plate and the parent phase becomes irregular. Simultaneously, the stacking faults in the plates are annihilated. As stated above, Figure 7 shows the curved interface and the internal density of the decrease in the stacking faults in the 1 -plate. The arrowhead indicates areas in which dislocations are formed as the size of the precipitate increases. Figure 8 shows the formation of such a pair of 1 -plates during aging at 380 C for 5 min. The stacking fault planes are parallel to the basal plane (009) 9R such that the angle between the plane of each 1 -plate is to be 87 ; this suggests that the relationship between these two variants is similar to the A-D relationship found in martensite. 11, 19, 20, 24) An analysis of the SADP at the M9R ½1 1 10 zone demonstrates that plates A and D are twin-related, which shows that the stacking faults are differently orientated in both 1 -plates. As the 1 -plates are aged further, they thicken gradually; the faulting fine structure is destroyed gradually and only some random residual stacking faults and dislocations remain, as shown in Figs. 5, 7 and 8. The structure of the earliest 1 -plate transforms from M9R to the fcc phase as the transformation temperature increases, finally reaching a stable state. 16) 
Recovery and hardness tests
Three precipitates of the 1 -plate, phase, and -rod are formed during the isothermal decomposition of the metastable 0 phase. These precipitates affect the shape memory effect and hardness of the alloy. Figure 9 shows the results of the SME recovery and hardness tests in comparison with the DSC scan result. The DSC curve can be divided into three stages-A, B, and C. In the first stage A, after aging at 230 C for 5 min, the parent 0 phase reached a stable state, and no precipitates were observed in the matrix. Therefore, a higher strain recovery of the SME was obtained. Following the middle stage B of aging at 230 to 285 C for 5 min, 1 -plates are present within the 0 matrix and cause a rapid increase in the hardness of the alloy but reduce its recovery strain. In the final stage C, where aging is carried out at above 285 C for 5 min, the SME recovery degrades significantly due to the precipitation. Additionally, during this stage, the structure of the 1 -plates changes from M9R to fcc, and the plates become -rods; this change results in a slight reduction in the hardness of the alloy.
Conclusions
The growth phenomenon of 1 -plates in a Cu-33.5Zn-4Sn (mass%) shape memory alloy was studied. On heating 250 C, the 1 -plates with the M9R structure start to precipitate at grain boundaries and exhibit dendritic growth pattern. The primary and secondary arms of the dendritic 1 -plates grow in two preferred directions [110] B2 and [100] B2 in the parent 0 matrix. The stacking faults in the two arms are parallel and differ from those with a twin-accommodating variants structure. As the thickness and number of the precipitates increase, the intersection of 1 -plates occurs during growth; this results in residual stress and dislocations. This phenomenon increases the hardness of the alloy significantly; however, the SME strain recovery capacity is reduced dramatically.
At 300 C, the precipitates nucleate heterogeneously at the interface of the 1 -plate and parent 0 matrix. When the size of the precipitate is smaller than 300 nm, a coherent or semi-coherent interface between precipitates and 0 matrix can be maintained. However, its size increases with the temperature. Lattice mismatching results in the formation of dislocations around the phase. As the temperature increases to 380 C, the precipitates seem to fill the space between the 1 -plates and replace the parent 0 phase. This phenomenon causes a significant reduction in the ductility of the alloy and a complete loss of its shape memory effect.
